Investigations of single magnetic atoms on a Pt surface revealed giant magnetic anisotropies. Recently, scanning tunneling microscopy was used to probe single Fe and Co atoms, dimers, and trimers on Pt͑111͒. The magnetic anisotropy and, additionally, the lifetimes of the magnetically excited states were measured by inelastic tunneling spectroscopy. The lifetimes are in the order of femtoseconds due to an effective electron-electron relaxation process caused by the strong hybridization of the impurity states and the substrate. The different lifetimes are explained by the quantum mechanical nature of Fe and Co on Pt͑111͒. The measurements of an Fe dimer show besides the collinear excitation, a noncollinear excitation with two possible decaying channels: spin-flip and non-spin-flip. Thus information on the magnetization dynamics can be extracted from inelastic spectra.
I. INTRODUCTION
In modern hard disks, the bits are stored in magnetically stable areas. Shrinking the bit area allows higher storage density. The smallest bit could ultimately be realized by a single magnetic atom. The stability of the bits is related to the energetic barrier to reverse their magnetization. In case of a single atom, the energy barrier is given by the magnetic anisotropy energy ͑MAE͒ of the atom. Gambardella et al. 1 found a giant MAE for Co atoms on Pt͑111͒ of 9.3 meV with x-ray magnetic circular dichroism. However, this method cannot extract information about the magnetization dynamics, playing an equally important role for the stability of the bits. We use scanning tunneling microscopy ͑STM͒ with a high lateral resolution to probe single atoms, dimers, and trimers. The magnetization dynamics can be investigated with inelastic tunneling spectroscopy ͑ITS͒ and was also recently explored by theory. 2 In this report, the lifetimes of the excited magnetic states and the decay mechanisms are described.
II. EXPERIMENT AND RESULTS
For preparation, small amounts of Fe or Co were deposited on an atomically clean Pt͑111͒ crystal at 4.3 K, resulting in isolated atoms. The capabilities of atomic manipulation with the STM was used to create dimers and trimers. 3 During the tunneling process, electrons may exchange angular momentum ͑spin͒ with the magnetic cluster or atom. 4 As a result of such an inelastic spin-flip scattering, the magnetization direction of the object is changed. 5 For Fe and Co atoms and clusters on Pt͑111͒ the uniaxial anisotropy dominates, favoring a magnetization perpendicular to the surface plane. 1, 6, 7 The spin-flip of the tunneling electron changes the spin of atom or cluster from the ground state S z = Ϯ S to the excited state S z = Ϯ ͑S −1͒. 2 I / dU 2 spectra were recorded for Fe atoms and the Pt surface ͑crosses in Fig. 1 inset͒. The genuine excitation spectrum ͑a͒ was obtained by subtracting the Pt background spectrum from the Fe spectrum. It is almost symmetric, with the minimum and the maximum reflecting inelastic magnetic excitations of an energy of 5.8 meV. For Co atoms on Pt͑111͒, the same procedure provides E sf of 10.3 meV ͓Fig. 1͑b͔͒.
The same experiments were done for Fe and Co dimers and trimers. Using the spin S =3/ 2 and S = 1 for Fe and Co, respectively, and assuming a ferromagnetic coupling in the Fe and Co clusters, the classical MAE can be extracted from the observed excitation energies E sf using the correspondence principle. All results are shown in Table I .
One notices that not only the position of the peaks changes for the Fe and Co spectra Fig. 1 ͓͑a͒ and ͑b͔͒, but also their widths. The measured signal f =d 2 I / dU 2 in the ITS experiment is a convolution of three functions: the intrinsic signal f in is smeared with an experimental resolution function , caused by the modulation voltage U mod in the lock-in detection and the thermal resolution function caused by the temperature T,
Since both the temperature T and the modulation U mod are known, the intrinsic signal f in can be deconvoluted. In Fig.  1͑c͒ , the measured spectra ͑dots͒ and the deconvoluted ͑solid line͒ of an Fe atom is shown. They display the same peak position but different widths. The intrinsic width W in is given by the lifetime of the excitation via the uncertainty principle W in ប / 2. W in can be extracted from the deconvoluted spectra or directly from the measured width W,
This procedure, applied to the observed excitations, gives the lifetimes as detailed in Table II . All the values are of the order of tens of femtoseconds. As the width of the peaks tends to disperse more than the peak position, the precision of the values is around Ϯ5 fs.
To relax the magnetically exited atom or cluster back to the ground state, spin angular momentum has to be transfered to the substrate. This can be achieved by spin-orbit interaction or much easier via spin-flip scattering of conduction electrons of the substrate, shown in Fig. 2͑a͒ ͑dashed red arrows͒ for the case of Fe. This process is similar to the excitation mechanism. The electron that is scattered is, however, not provided by the tunneling current but by the Fermi sea of the substrate. Hence, an electron of the atom or cluster transfers ⌬S z = Ϯ 1 and energy to a conduction electron. The strong hybridization of the Fe or Co states with the Pt͑111͒ substrate bands results in short lifetimes. The excitation lifetimes tend to decrease with increasing cluster size. The only exception from this rule is the lifetime of a single excited Co atom that is noticeably smaller than the value for the Fe atom. The reason for this effect lays in the spin configuration of the excited state ͓Fig. 2͑b͔͒. An excited Co atom has S z = 0 and can thus relax into both ground states with S z = Ϯ 1. All the other clusters have a spin higher than 1 and the excited state can only relax in one direction. This would effectively halve the lifetime of the excited state of Co with respect to other clusters, in good agreement with the measured values. A further reduction of the lifetime is caused by a stronger hybridization of Co with the substrate, as manifested by the higher MAE values.
In the case of an Fe dimer, the total dimer spin is composed of the two spins of the individual atoms. In the ground state, both spins align in parallel. For simplicity, we assume that both spins have a maximal spin of s =3/ 2. The interaction with an electron leads to a transition from a ground state ͉s , s͘ to a superposition of states, where the spin of one of the composing atoms is changed by one, namely ͉s , s −1͘ and ͉s −1,s͘. There are two linear combinations of these states that form an eigenstate of the Heisenberg Hamiltonian including the exchange constant J,
The energies of the two states differ by 3J, so two inelastic excitation signatures are expected in the spectrum. The cluster in the first state has a total spin of S =2s and the z projection S z =2s − 1. Thus, this state can be described as a rotation of the total spin of the cluster in the analogy to the excitation of an individual atom. The energy of this excitation can therefore be related to the classical MAE of the whole cluster as described before. Classically, this state is an in-phase precession of the two atomic spins.
In the second state, the dimer has a spin of S = S z =2s − 1. Viewed classically, the time evolution of this state is equivalent to an out-of-phase precession of the two spins. The energy of the state is higher due to the exchange interaction between the two spins coming into play. The total energy cost of this excitation is a sum of the exchange and the anisotropy contributions, E x =2Js − D͑4s −1͒. As the exchange constant J is of the order of tens of meV/ ប 2 in bulk Fe, 10 one can expect an inelastic peak around 100 meV. And indeed such a peak is observed, as shown on Fig. 3 . An excitation energy of 54Ϯ 2 meV is observed, giving a J of 16Ϯ 1 meV/ ប 2 . The noncollinear state has the shortest lifetime of all. A likely reason for this is given by two possible ways for decaying: spin-flip and non-spin-flip processes. The spin-flip process is the inverse process of the excitation similar to the relaxation discussed above, relaxing the dimer to the ground state ͑see dashed red arrows Fig. 4͒ . Due to conservation of spin moment, only the majority electrons can relax the cluster. The non-spin-flip relaxation leads to a decay to the collinear exited state, keeping S z but changing the phase of the dimer spin wave function. Thus electrons of both spins can de-excite the noncollinear dimer state via nonspin-flip scattering, doubling the scattering probability. Note that the substrate is nonmagnetic, i.e., the Pt bands are spin degenerate. As a consequence, the available phase space for spin-flip and non-spin-flip scattering is identical. The different relaxation mechanisms are illustrated in Fig. 4 , dashed red arrows indicate spin-flip scattering while dotted blue arrows indicate non-spin-flip scattering. The second process is more probable, as discussed above, in agreement with the shorter lifetimes of the noncollinear excited state.
III. CONCLUSION
These lifetimes give information on the magnetization dynamics of the atoms and clusters. The extremely short lifetimes in these metallic systems indicate an efficient relaxation process, which is absent for magnetic ions in insulator structures. 11 Since comparable MAEs were found in our metallic structures and in insulator structures, one can exclude the responsibility of the spin-orbit interaction for the short lifetimes in the metallic case. More likely, the strong hybridization of the atomic states with the Pt substrate states leads to efficient electron-electron scattering processes that relax the magnetic state of the atom.
